A slight but real acidosis, involving a temporary decrease in alkaline reserve and increase in urin,ary acidity, occurs after'all inhalation anfesthesias. Ketonuria is also present in 20 to 80 per cent. of cases. Local anesthetics also produce these conditions, but less severely and less frequently.
THE term acidosis is used very loosely in general medicine, and is most commonly taken to mean the appearance of the acetone, or ketone, bodies in the urine. This, at any rate, is the significance of the term in most books on anesthesia. This undoubtedly is an aspect of acidosis, but a very limited one, and it is necessary to look at the subject more widely to get a clear conception of the acid changes that take place after anawsthesia and operations.
The human body is slightly alkaline in reaction, and its activities and proper metabolic functions can be carried on only in an alkaline medium. On the other band, these activities produce considerable quantities of acid substances. The chief is carbonic acid, of which very large quantities are excreted by the luDgs, amounting to the equivalent of 200 to 400 c.c. of concentrated hydrochloric acid every daya striking figure. Smaller quantities of phosphoric, sulphuric and many organic acids are produced, so that the body must have efficient machinery to maintain its alkaline reaction in face of this acid production.
The reaction of a fluid depends on the relative quantities of free hydrogen (acid) ions or hydroxyl (alkaline) ions. From this point of view the body is always alkaline. The terminology used in expressing the real reaction of biological fluids need not be discussed in detail; the term commonly used to express the amount of H-ion is pH; pH 7 is the neutral point, figures below this are acid, and above, alkaline. The normal pH of the blood is 7 I 4, and in conditions of extreme acidosis this may be lowered to the neighbourhood of 7, a change which involves the trebling of free H-ions. But a condition of acidosis can exist without measurable change in the pH of the blood because various mechanisms in the body intervene to prevent any change in the H-ion concentration of the blood. When these mechanisms succeed in preventing a change in the pH, the acidosis is said to be compensated.
Let us examine these mechanisms briefly, as they are essential to an understanding of the meaning of the body changes involved in acidosis.
When a few drops of acid are added to water, the change in the number of free H-ions is considerable and eagily measured; when added to a similar amount of blood, no measurable change in the free acid ibns takes place, because the blood contains alkaline buffer substances which absorb the excess of acid and prevent any increase in free acid ions. The chief buffer substance of the blood is sodium APRIL-AN)ES. 1 bicarbonate; this is called the alkaline reserve and forms the first line of defence against acids. [A short description of the relation maintained between the carbon dioxide in solution and that carried as bicarbonate was given.] The bicarbonate reserve of the blood is measured by the amount of carbon dioxide given off when acid is added to blood-plasma (normal blood-plasma carries 55 to 70 volumes per cent. of carbon dioxide as bicarbonate). In the severe acidosis of uremia or diabetic coma, the bicarbonate reserve may fall to 20 volumes per cent. or less, at which point the reserve is too low to act as an efficient buffer. Free H-ions accumulate and the acidosis becomes "uncompensated." Many other substances in the blood and tissues act as additional reserves against acidosis, but the bicarbonate is the chief and the most easily measurable.
Changes in the urine also occur in acidosis and are easily measured. The total amount of acid excreted by the kidney is increased (except in nephritis), largely in the form of acid sodium phosphate. This is measured by titration with an alkali. Again, the amount of ammonium salts excreted by the kidney is greatly increased in acidosis. All these methods have been used in investigating the effects of ansesthetics and operations and in gauging the degree of acidosis.
To complete the theoretical basis of this paper, mention must be made of the special form of acidosis-ketosis-most commonly found in diabetes. The ketone or acetone bodies are derived from imperfect oxidation of fats and are oxy-butyric acid, diacetic acid and acetone. All three bodies are excreted in the urine and can be recognized by simple tests; acetone is excreted in the breath and may be recognized by its smell. They may be present in recognizable amounts without causing a real acidosis and reducing the alkaline reserve. But if they accumulate sufficiently, the alkaline reserve is reduced, and in severe conditions like diabetic coma the actual pH of the blood may be reduced. They occur whenever insufficient carbohydrate is being burned, and are probably an expression of a lack of enough sugar and glycogen to satisfy the calorific requirements for metabolism and an imperfect attempt to utilize fat in place of carbohydrate. 'Thty are therefore found in diabetes, when carbohydrate cannot be burne'd bedause insulin is defective, and in normal individuals when carbohydrate is insufficient through starvation or vomiting.
Attention was first drawn to the question of post-operative acidosis at the end of last century when the frequent occurrence of acetonuria after operations and anesthetics was noted. This condition has been found by different authors in from 20 to 80 per cent. of their cases, usually mild in degree; presumably the different handling of the patients by anaesthetist and surgeon accounts for the great difference found in its occurrence.
About 1915 blood-examination methods were applied to the question, and'van Slyke [1], Cannon, Cullen and many others in America investigated the matter more closely in dogs and rabbits and in man. They found that chloroform, ether, and nitrous oxide anaesthesia definitely reduced the bicarbonate reserve of the blood and that the pH of the blood was sometimes changed to the acid side. These changes happened within twenty minutes of the commencement of anaesthesia. The fall in alkaline reserve is rarely more than 10 volumes per cent., is still reduced the day after the operation, but is usually normal by the second day. It has also been ascertained that the total acidity of the urine and the ammonia excretion are, increased; evidence of a general tendency towards acidosis beyond mere ketonuria is thus established. This has been abundantly proved in operations on man, notably and most recently by Labbe and Chevki [2], Vana [3] , and by Wymer [4] in animals.
The relative frequency of ketonuria and actual acidosis (diminished alkaline reserve) is worth considering. The ketonuria is much less frequent and the production of ketone bodies usually so slight that it cannot account for the fall in Section of Anesthetics bicarbonate reserve. Moreover, the fall in alkaline reserve occurs long before the appearance of ketonuria. Therefore the acidosis is a primary process independent of the ketosis and may contribute to the latter, as we shall see later.
Some light is thrown on the processes underlying this acidosis by studies of the frequency of their occurrence under different operative conditions. Chloroform produces ketonuria most frequently, ether and nitrous oxide less frequently. Hamblen found that closed ether produced acetone in 89 per cent. of his cases, open ether only 26 per cent. (this may be a reflection on his technique). There is evidence that operations under spinal and local anaesthesias may produce ketonuria and acidosis; this is important from the aetiological point of view. Gundrum found acetone after cocaine anaesthesia. Kappis [5] found acetone in 23 per cent. of cases after local anwsthetics. In 150 cases Schulze [6] found acetonuria in 67 per cent. of general anmesthetics, in 40 per cent. of spinal and 85 per cent. of local, a very high figure. Rose [7] investigated novocain and found a small decrease in alkaline reserve (about five volumes) in 42 per cent. This was most noticeable in abdominal operations and practically never occurred in operations on the extremities. Vana states that he has seen it with local anesthesia, but never with spinal. Others have noted it after local, but less frequently, and to a less extent, than after general anaesthetics. Labb6 states vaguely that local anwesthetics do not seem to produce this effect. It seems clear that local antesthetics produce a definite fall in alkaline reserve, though smaller and less frequent than that produced by inhalation ana3sthetics. On the other hand, it has certainly been observed that severe fractures have produced ketonuria without any operative procedures and shock is always accompanied by acidosis. Several authors state that it occurs most often in anxious and excited patients, in children more than in adults, and in women more than in men. Undoubtedly other factors than the mere inhalation ancesthesias contribute towards post-operative acidosis. Excitement and mental and physical shock are important and may of course be present to a considerable extent with local aiDsthesia. No doubt the different incidence of ketonuria and acidosis found by various investigators after various anaisthetics depends on their skill in their use. I think for this reason the condition is much less obvious in this than in some other countries. Long and severe operations tend to produce a more frequent and prolonged acidosis than short ones, but the type of patient seems more important even than this.
The mechanism of the production of post-anaesthetic acidosis is difficult to explain, the factors complex and probably multiple. The regulation of the alkaline reserve is one of the most complicated problems in biochemistry. Certainly no completely satisfactory explanation has been put forward of the acid changes in operative conditions and I can offer no more than tentative suggestions.
The following facts have a close bearing on the problem. It has been clearly established that sleep produces a condition of acidosis. This seems to be entirely due to the relative insensitiveness of the respiratory centre at night and to its failure to respond normally to the accumulation of acid. Now the respiratory centre is still more depressed by anaesthesia and not fully capable of responding to the varying degrees of asphyxia that may be present. Cushny showed that the respiration of ana3sthetized animals was not stimulated normally by breathing carbon dioxide. It is interesting that closed ether was found to produce acetone bodies three times as frequently as open ether. Again we know definitely that conditions of anoxeemiaoxygen-want in the tissues-produce acidosis when an insufficient head of oxygen is available to the tissues to oxidize their normal production of acids. Anaesthesia may produce anoxamia in two ways, by asphyxia and by reducing the blood-pressure when the head of oxygen becomes defective. Surgical and all forms of shock produce a severe acidosis through intense circulatory depression and tissue anoxaimia. Furthermore it is reasonable to suppose that the anaesthetic itself depresses the metabolic function of the cells and prevents their normal use of oxygen and favours the accumulation of acid bodies, such as lactic and phosphoric acids, which reduce the alkaline reserve of the blood. I think, therefore, that anesthetic acidosis is caused by the depression of the respiratory centre and of the circulation, producing conditions of asphyxia and anoxcemia. Circumstances which increase the occurrence of these factors increase the post-operative acidosis.
That a further factor exists is shown by the occurrence of acidosis in local and spinal anaesthesia, although I do not look upon this as so firmly established. Crile [8] says that it is an " emotional acidosis " produced by the increased secretion of adrenalin, but the mechanism is not obvious. I have not been able to find in the literature any direct experiments on the effect of adrenalin on the alkali reserve. It is of course established that shock and a fall of blood-pressure produce varying degrees of acidosis, and local anaasthetics produce at least their fair share of mental shock and anxiety. It has already been mentioned that the nervous patient shows most tendency to acidosis, and especially ketosis, after operations under local and spinal ansesthesia.
The explanation of the frequent occurrence of slight ketosis is much easier and depends on a temporary upset of carbohydrate metabolism. All forms of inhalation anesthesia raise the blood-sugar, sometimes causing glycosuria in the non-diabetic.
This they do by mobilizing glycogen from the liver, leading ultimately to a great depletion of its stores-this has been proved by experiments on animals. As a result of this, the normal carbohydrate metabolism is replaced by that of protein and fat, thus producing ketone bodies; protein metabolism furthermore leads to an increase in acids other than aceto-acid and hydroxy, which increase the real acidity of the organism. All this further upsets the utilization of carbohydrate, it being clearly established that insulin action is relatively ineffective in acid conditions of the organism. Again, adrenalin is known to upset normal carbohydrate metabolism and must be an important factor particularly in nervous and excitable patients, and with local aneasthesia. If the carbohydrate stores of the body have been already reduced by starvation (absolute or relative) or by diabetes, the tendency to ketosis and acidosis is more likely to occur and to be severe.
Before turning to the practical importance of post-operative acidosis, let us examine some experimental attempts to overcome it. More than twenty years ago it became recognized clinically that the tendency to ketosis could be minimized by avoidance of starvation and by ensuring full stores of carbohydrate by giving plenty of sugar before operation. This principle is well recognized and has been adopted in the routine preparation of cases. Such preparation, however, does not prevent the slight fall in alkaline reserve, although it minimizes, but does not abolish, slight ketosis. Nor has the previous administration of bicarbonate or other alkalies an appreciable effect in preventing the slight acid disturbances. In 1926 Wymer published a paper on extensive experiments on rabbits, dogs and man. He investigated the effect of ancesthetics, haemorrhage and shock on the alkaline reserve, etc., with and without the usual therapeutic agents against acidosis, namely sodium bicarbonate, carbohydrate as glucose, and insulin. He found that whereas injections of bicarbonate raised the alkaline reserve, it could not prevent the usual fall after chloroform and ether, although it might maintain the reserve temporarily. When glucose injections alone were given to a rabbit, they caused a slight fall of alkaline reserve; but this is probably due to the ease with which rabbits are shocked by any operative procedure. By insulin, particularly by insulin and glucose, the alkaline reserve of rabbits was actually raised, and the fall usual after chloroform and ether was prevented. In men, however, he was unable to prevent the fall by small doses of insulin, but does not seem to have tried the effect of glucose and insulin. It seems difficult if not impossible to prevent the fall of alkaline reserve after operations, though the use of glucose and insulin is the most likely to do so.
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To sum up, there seems a tendency in all cases for inhalation anesthetics to produce slight acidosis, a fall of about 10 volumes per cent. in the alkali reserve and an increased urinary acidity; a slight ketonuria is less frequent. The acidosis is most probably caused by anoxmemia, due to depression of the respiration and circulation. The upset of carbohydrate metabolism will aid in the production of this acidosis by turning the metabolism over to protein and fat. Local and spinal anaesthesia may produce the same condition, though less frequently, especially in nervous and excitable patients.
Practical Considerations and Treatment.-In normal individuals this slight and trarnsient acidosis seems of no importance. It produces no clinical symptoms nor does it seem to be the cause of post-anaesthetic toxwemias, vomiting or sickness, although the latter may delay its disappearance. The slight acidosis cannot be prevented with certainty by any special preparation of the patient, but is minimized by operations which involve least disturbance of the respiration and circulation. In my opinion, all that is necessary is to remember its existence. It is quite different, I think, in cases with established acidosis or even ketosis before operation and who are likely to become worse, even dangerously so, afterwards.
It is convenient from the practical point of view to divide the cases into two groups: (1) acidosis without ketonuria;
(2) the more numerous group of ketonuria with or without real acidosis in the sense of a diminished alkaline reserve. The first group does not require much consideration and is likely to be found to consist almost entirely of chronic nephritics. Apart from chemical tests, severe acidosis may be recognized in these cases by dyspncea. The danger of operations in these cases is well recognized for reasons other than the mere acidosis and operative interference, and general anwsthetics are avoided where possible. It is undoubtedly wise to attempt to raise the low alkaline reserve by moderate doses of sodium bicarbonate up to 8 drachms (30 grm.) and by an abundant carbohydrate diet.
The second group of cases is far more important because more numerous, those in which ketone bodies are discovered in the urine before operation. If a large amount of acetone is present, as judged by simple urine tests, the alkali reserve may be reduced and the real acidosis present; but, more commonly, acetone bodies will be present without reduction in bicarbonate reserve. As already mentioned, ketone production depends on disturbed carbohydrate metabolism either in diabetics or in starved normal individuals. In both, two possible dangers are present from aniesthetics; first, the certainty that the operation will increase the ketosis, perhaps so far as to produce headache, nausea, depression and vomiting; second, and more important, the chance that the anasthetic, especially chloroform, may produce liver damage. This is particularly likely when the added factor of sepsis is present. The liver that has not its normal store of glycogen is known clinically and has been shown experimentally to be much more sensitive to the toYic action of chloroform and also of ether. Now the presence of ketone bodies is a sure sign that the liver is imperfectly stored with glycogen. In such cases we find post-anaesthetic vomiting and toxamia-perhaps even acute yellow atrophy-especially when sepsis is present and even if only small amounts of chloroform are used. In my small experience I have been greatly impressed with the frequency of a history of a preceding ketosis in these cases. It seems certain that it is not the acidosis which directly causes these profound toxsmias and degenerations, but the acidosis indicates and arises from a state of metabolism in which the liver may be profoundly damaged by anesthetics. Ketonuria therefore is a danger signal that we cannot ignore. It seems best to consider its importance and treatment in the diabetic and normal individual separately.
In the non-diabetic, ketosis is found in carbohydrate starvation either following nausea and vomiting or the starvation formerly employed in preparation for an anmsthetic. It occurs particularly readily in children (especially cyclical vomiters) and is common in pregnant women, either from sickness or from the carbohydrate drain of the foetus. The importance of the finding naturally depends on the degree of the ketosis and, apart from the elaborate blood-tests, can be judged by two simple urine tests. Rothera's nitro-prusside test gives a positive reaction with very slight ketonuria, but if the reaction to Gerhardt's ferric-chloride test is positive, severe ketosis is present. In either case, if there is no hurry, it is wise to postpone operation till the urinary tests produce negative reactions. This can soon be brought about by introducing abundance of carbohydrate (preferably sugar in the form of glucose) into the system; by mouth if the patient is not sick; otherwise by 5 per cent. rectal glucose or by intravenous glucose (up to 20 per cent.) in exceptional cases.
Probably ordinary carbohydrate foods-bread, jam, sweets, etc., are equally effective, and certainly large doses of glucose and sugar may easily upset a child's digestion and produce the opposite of the desired effect. I see little advantage in giving insulin in most cases, because the absorption of sugar into the blood causes an adequate secretion of insukin in non-diabetics. In patients with very severe ketosis, and in a toxic condition, I think it advisable to give insulin with the sugar, because such cases are known to give an inadequate insulin response to ingested or injected sugar. Emergency operations raise the most difficult problems of procedure; often a general anasthetic is essential and sepsis and shock may be added complications. Operations under spinal or local anaesthetics are undoubtedly the ideal. Otherwise gas-and-oxygen is the best, with the addition of the minimum of ether. Chloroform should be avoided. Every effort should be made to introduce glucose as soon as possible by the above methods. If only small amounts of acetone are present, there is little likehood of serious ketosis, and it will be sufficient to give sugar by mouth before the operation if time permits, continuous rectal glucose after, and perhaps during, the operation.
When the ferric chloride test is positive, I consider the situation serious and urgent. Whenever possible, I should give 50 grm. of glucose intravenously, before the operation, with a large amount of saline and 20 units of insulin; and follow it with rectal glucose. If a reduction of alkali reserve were present (either proved by estimation or probable from the degree and duration of the ketosis) I should give 10 to 20 grm. of bicarbonate with the intravenous infusion.
There is no doubt that many cases of mild pre-operative ketosis may pass through an operation and an anesthetic and show no clinical disturbance; but there is never any guarantee that a serious exacerbation with clinical symptoms may not ensue, and there seems no justification for neglecting the warning signal of even a mild ketosis.
Post-Operative Acidosis in Diabetics.-This is no time to discuss in detail the treatment of diabetics during operations. There is practically always the tendency, even in the treated diabetic, for glycosuria and especially ketonuria to increase in severity. To ensure an adequate supply of glycogen it is practically always necessary to give insulin as well as carbohydrate. If there is plenty of time to prepare the patient properly, the operation can be made as safe as in a normal individual. That has been my experience in some 130 cases, including many major operations on severe diabetics. More carbohydrate should be given previous to operation than in the routine treatment of diabetics, and enough insulin to make the patient's urine sugar-and acetone-free, the latter being the more important. To ensure a good glycogen supply, it is usually wise to give extra insulin and carbohydrate two hours before the operation, perhaps 20 units of insulin and 30 to 50 grm. of glucose.
The real difficulty lies in emergency operations when diabetes is only discovered immediately before operation. If little sugar and no acetone is present, the operation will certainly go through with no immediate danger to the patient, and the correct insulin treatment can be established afterwards. This should be done without delay, for an operation with ansesthesia may turn a mild into a temporarily severe diabetes, Section of Anaesthetics 753 even to the extent of precipitating coma. The patient should be investigated at once as regards blood-sugar, etc., in order to have the best treatment instituted as quickly as possible.
If any abundance of sugar and any acetone are found in the urine before an emergency operation, the patient should hiave insulin at once, even from doctors inexperienced in its use. The best dosage of insulin and sugar can be established only after at least one blood-sugar test. But without this, as a general rule I advise 20 units of insulin and 20 grm. of sugar before the operation and repeat four-hourly. If the urine sugar disappears, the sugar should be doubled to prevent risk of hypoglyciemia. In severe diabetes and ketosis, such doses may be quite inadequate to prevent coma, and would be better doubled or trebled-indeed the treatment is much the same as for diabetic coma. These large doses, however, involve a risk which the inexperienced are scarcely justified in taking. As regards inhalation antesthesia, gas-and-oxygen is the least likely to increase the ketosis, but ether has been perfectly safe in my experience, with well-prepared cases.
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Dr. F. E. SHIPWAY said that it was seldom that he saw cases of acidosis, and those were very mild. This was due to improved methods, both of preparation and of ansesthesia. He was convinced, as the result of his. own experience, and of discussing this subject with gyniecologists, that the idea that pregnant women took chloroform well was only
